Conservation of water molecules was identi®ed by a cluster analysis of seven crystal structures of alanine racemase from Bacillus stearothermophilus. A total of 47 clusters of consensus water sites were determined and found to be highly localized, as indicated by their low mobilities. These clusters are located in the region of the active sites as well as at the interface between the N-terminal domain (the a/ b-barrel) of the ®rst monomer and the C-terminal domain of the second monomer. The clusters located at the dimer interface form extensive hydrogen-bonding networks linked to the protein backbone. These water-mediated hydrogen bonds, and also all hydrogen-bonding interactions at the dimer interface, were monitored during a 2 ns molecular dynamics simulation and showed that when the inhibitor propionate was bound to the enzyme, some of these interactions were disrupted. The data we present here indicate that the consensus water sites identi®ed at the interface between the two monomers of alanine racemase may play a structural role, which is to maintain and stabilize the alanine racemase dimer. A second role might be to supply the active site continuously with water molecules in order to allow rapid equilibration of active site protons with the solvent.
Introduction
Alanine racemase (AlaR) is the ®rst enzyme in the biosynthetic pathway of peptidoglycan synthesis (Neuhaus, 1967; Adams, 1976) and catalyzes the racemization of the common L-isomer of alanine to the D-isomer and vice versa. Alanine racemase is the essential constituent of the peptidoglycan layer in both Gram-negative and Gram-positive bacteria and requires pyridoxal 5¢-phosphate (PLP) as a cofactor attached to the enzyme via an internal Schiff's base linkage. All of the known bacteria require D-alanine for use in peptidoglycan biosynthesis, whereas only L-alanine is used in eukaryotic protein synthesis. Therefore, alanine racemase has been recognized as a suitable target for drug design. Presumably, speci®c inhibitors of alanine racemase would kill bacteria but have no adverse side-effects, since there are no known mammalian alanine racemases.
A number of effective inhibitors of AlaR have been developed and some of them are of particular interest as agents against Mycobacterium tuberculosis. However, most of these compounds are suicide inhibitors that react with the cofactor itself, inhibiting the activity of many PLP-containing enzymes owing to their lack of target speci®city. D-Cycloserine (DCS) is the only inhibitor that has been marketed clinically and is mainly used as a second-line anti-tuberculosis agent. Although it is an excellent inhibitor of tuberculosis growth, and also other pathogenic bacterial species, side-effects, especially toxicity and neurological disorders, have limited its clinical use (Helmy, 1970) .
Seven crystallographic structures of AlaR from Bacillus stearothermophilus have been reported so far, including the complexes between AlaR and three inhibitors, namely propionate, 1-aminoethylphosphonic acid (Shaw et al., 1997; Stamper et al., 1998; Morollo et al., 1999; Watanabe et al., 2002; Stamper and Ringe, 2003) and recently, a DCS derivative (Fenn et al., 2003) . The crystal structure revealed that the enzyme is a homodimer of 388 residues per monomer. Each monomer is composed of two folded domains, an N-terminal domain from residues 1±240 and a C-terminal domain from residues 241±388. The N-terminal domain is made up of an eight-stranded a/b-barrel and the C-terminal domain mainly of b-strands. The active form of alanine racemase is a homodimer, such that the active site is formed by the mouth of the a/b-barrel of one monomer and the C-terminal domain of the other monomer. The active site of AlaR is composed of PLP, which is cross-linked to Lys39 via a protonated Schiff base linkage and the amino acids in the immediate environment of the PLP.
In all of the AlaR crystal structures, an important number of water molecules have been identi®ed. Several studies have been dedicated to the analysis of conserved water positions in different biological systems, whether they were devoted to different crystal structures of the same protein, such as the serine protease family (Rashin et al., 1986; Williams et al., 1994) or to related proteins, such as the microbial RNases (Sreenivasan and Axelsen, 1992; Zhang and Matthews, 1994; Sanschagrin and Kuhn, 1998; Ogata and Wodak, 2002) . All of these studies demonstrated that water plays a pivotal role in most biological systems, by facilitating reactions, stabilizing three-dimensional structures or mediating interactions between proteins and ligands.
A typical method for analyzing the contributions of bound solvent in a number of closely related structures is to use molecular graphics to visualize the conserved water sites and their proximity to catalytic or ligand-binding residues. Sanschagrin and Kuhn (1998) were the pioneers of using a statistical method (i.e. complete linkage clustering) to de®ne consensus water sites in thrombin, trypsin and bovine pancreatic trypsin inhibitor (BPTI), with the goal of determining shared water sites, as well as those contributing to speci®city. Ogata and Wodak (2002) employed a similar approach to analyze the conserved water positions in a sample of 12 highCluster analysis of water molecules in alanine racemase and their putative structural role resolution MHC class I molecules, providing a list of water sites that may play an important structural and functional role. Regardless of the statistical method used, cluster analysis has proven to be a useful tool for facilitating the analysis of water sites from multiple structures and distinguishing between conserved features within a protein family and those conferring speci®city.
In the present study, we analyzed structural aspects of the conserved water molecules in B.stearothermophilus alanine racemase. We employed a statistical method, which is somewhat different from the other two examples previously mentioned, with the goal of determining the extent to which water sites are conserved and to understand their putative structural role.
These structures provide an interesting scaffold to evaluate the consistency of solvent binding as determined crystallographically and its structural and functional role in B.stearothermophilus alanine racemase.
Materials and methods

Water mobility
The quality of water re®nement was estimated by using a mobility measure (Sanschagrin et al., 1998) , designed to normalize and combine the crystallographic temperature factor (B-value) and the occupancy. In this way, we were able to compare the atomic mobility between protein structures that were solved using different re®nement protocols, in particular, those structures in which B-values were allowed to vary during re®nement.
Mobility HOH B-value HOH
B-value Occupancy HOH Occupancy where B-value HOH represents the B-value for each individual water molecule, B-value denotes the average B-value for all waters in the structure, Occupancy HOH represents the occupancy for each water molecule and Occupancy is the average occupancy of all waters in the structure. Using this normalization, if the mobility of a water molecule, determined from its oxygen atom, has a value close to 0, this means that this water molecule displays a low degree of mobility. If the mobility value equals 1, this signi®es that this water molecule has an average mobility relative to other atoms in the structure.
Clustering procedure
Seven available B.stearothermophilus AlaR crystal structures were superimposed using main-chain least-squares superposition in InsightII (Accelrys, 1997) to transform the water coordinates into the same reference frame.
The FASTCLUS procedure from the SAS Statistical Package (SAS Institute, Cary, NC) was used to cluster the water molecules from all seven crystal structures. This clustering procedure (a partitional clustering method) ®nds disjoint clusters of observations using the K-means method applied to coordinate data (in our case each water molecule is characterized by the Cartesian coordinates). The result of a partitional clustering method generally consists of a set of clusters, each object belonging to one cluster. Each cluster is represented by a centroid or a cluster representative that contains a summary description of all the objects contained in a cluster.
The criterion function is the average squared distance of the data items x k from their nearest cluster centroids,
where c(x k ) is the index of the centroid that is closest to x k . Minimizing the cost function begins by initializing a set of k cluster centroids denoted by m i , i = 1, ¼, k. The positions of the m i are then adjusted iteratively by ®rst assigning the data samples to the nearest clusters and then recomputing the centroids. The iteration is stopped when E no longer undergoes signi®cant changes.
The main advantages of this method are its simplicity and rapidity; however, detailed information is provided: cluster summary [frequency, root mean square deviation (r.m.s.d.), nearest cluster, distance between cluster centroids, cluster mean coordinates, etc.].
A maximum diameter of 3.0 A Ê was chosen, resulting in clusters with a maximum inter-water distance of 3.0 A Ê . This value was chosen because water molecules have an approximate effective radius of 1.6 A Ê , which includes the radius of the oxygen atom and a correction for the contribution of the hydrogen atoms, whose positions were not determined by Xray crystallography. Thus, if two water molecules are placed with their oxygen atoms at a center-to-center distance of 3.0 A Ê , their radii will overlap by 12.5%. A value of 1.5 A Ê for de®ning the maximum cluster radius ensures that clusters do not contain several water molecules belonging to the same crystal structure, which may be within hydrogen bonding distance of one another.
Identi®cation of buried water molecules
Buried water molecules in proteins are those that are structurally isolated from the bulk solvent. These buried waters are not easily detected by X-ray crystallography since, for the water to have a clear diffraction pattern, it must be in the same position all the time.
In our study, the PRO_ACT program (Williams et al., 1994) was used for the identi®cation of buried water molecules. The program ®lls up the solvent-accessible surface of a protein with experimental and computational water molecules and then identi®es those experimental waters that are not connected to bulk water by a chain of hydrogen bonds.
Hydrogen bonds
Hydrogen bonds were identi®ed using the HBPLUS program (McDonald and Thornton, 1994) with the following criteria: a donor±acceptor distance must be`3.5 A Ê , the donor± hydrogen±acceptor and the hydrogen±acceptor±`from' angles must be b90°(`from' stands for the atom covalently linked to the acceptor atom).
Molecular dynamics simulations
A 2 ns molecular dynamics simulation for the B.stearothermophilus alanine racemase homodimer has recently been reported (Mustata et al., 2003) . Therefore, only a brief description is given here for completeness.
The protein structure used for the MD studies corresponds to B.stearothermophilus alanine racemase (PDB code: 1SFT) (Shaw et al., 1997) , containing acetate in each active site, from which we built a model with D-Ala in one active site and propionate in the second. Propionate was modeled into the ®rst active site by superimposing the B.stearothermophilus AlaR crystal structure in complex with the inhibitor propionate (PDB code: 2SFP) (Morollo et al., 1999) onto the ®rst reported alanine racemase X-ray structure (PDB code: 1SFT) (Shaw et al., 1997) . The two structures are similar to each other, with a mean C a r.m.s.d. of 0.29 A Ê . The substrate D-Ala was modeled in the second active site making use of the R-AlaR-1-aminoethylphosphonic acid (L-Ala-P) complex structure (PDB code: 1BD0) (Stamper et al., 1998) , which was superimposed on the same reference structure (PDB code: 1SFT) (Shaw et al., 1997) . The reason for using this structure in the modeling of D-Ala in the active site was because this was the ®rst available X-ray structure to give a detailed description of the important interactions for binding and positioning of the substrate.
The system was prepared and energy minimized using the CHARMM program (Brooks et al., 1983) . The thermalization, equilibration and the subsequent production phases were carried out using the NAMD program (Kale Â et al., 1999) , in the NPT ensemble (pressure = 1 bar) with explicit solvent and periodic boundary conditions and a dielectric constant (e) of 1. A constant temperature of 300 K was maintained by coupling to an external bath (Berendsen et al., 1984) . The protein and solvent interact via the CHARMM22 force ®eld where all protein atoms are explicitly represented (MacKerell et al., 1998) and where water is characterized by the TIP3P model (Jorgensen et al., 1983) . The hydrogen atoms were added using the HBUILD routine in CHARMM. Long-range interactions were smoothly truncated at 10.5 A Ê with a shifting function for the electrostatic interaction and a switching function for the van der Waals interactions, the latter being applied between 9.5 and 10.5 A Ê . The non-bonded pairs list was updated every 10 steps. The truncation scheme applied to the calculation of electrostatic interactions was selected in order to reduce the computational effort and limit the perturbation induced by arti®cial periodicity imposed to the solution under periodic boundary conditions (Wood, 1995) . The observation that the conformations sampled in the protein trajectory depart little from the crystal structure supports the validity of our truncation scheme. However, recent studies have suggested that the Ewald summation method is a better protocol, at least for nucleic acids (Sagui and Darden, 1999) . It has nevertheless also been shown to present a number of artifacts (Hunenberger and McCammon, 1999) , in particular when solute cavities are large compared with the unit cell, a feature characterizing our system. Before the MD run was performed, the system was energy minimized by 500 steps of steepest descent (SD) keeping the solute ®xed. The solvent plus the substrate and the inhibitor were then relaxed and also subjected to 500 steps of SD energy minimization. Then the whole system was relaxed and minimized using SD for another 1000 steps. The entire system was then gradually heated, by means of temperature reassignment, from 50 to 300 K for 60 ps of MD. The whole system was then equilibrated for an additional 360 ps of molecular dynamics at 300 K using a 2 fs time step, after which the system achieved stability. The subsequent production phase was performed in the NPT ensemble for 2 ns with a time step of 2 fs. Atomic coordinates were stored for later analysis every 0.5 ps.
Results and discussion
In the present study, we analyzed structural aspects of the water molecules in B.stearothermophilus alanine racemase. Seven crystal structures were at our disposal, in which B.stearothermophilus AlaR was complexed with various ligands. The crystallographic parameters of the structures included in the analysis are summarized in Table I . The list includes all seven known alanine racemase crystal structures with a resolution of 2.2 A Ê or better. The number of crystallographically identi®ed solvent molecules per homodimer ranged from 208 to 389. The number of buried water molecules in the seven B.stearothermophilus alanine racemase crystal structures analyzed ranges from 46 to 71. This corresponds to one buried water molecule per 17.7 to 10.7 residues (Table I) . These values are relatively high, even though several proteins are known with similar or even higher relative content of buried waters per residue (Williams et al., 1994) .
Clustering statistics
To identify consensus water sites in B.stearothermophilus alanine racemase, we performed a partitional clustering analysis of the waters sites. Our cluster analysis identi®ed a total number of 163 clusters from which 47 clusters exhibit conserved water positions in all seven available crystal structures of AlaR (Shaw et al., 1997; Stamper et al., 1998; Morollo et al., 1999; Watanabe et al., 2002; Fenn et al., 2003; Stamper and Ringe, 2003) (Tables II and III) . Figure 1 shows the distribution of the conserved solvent sites superimposed on the AlaR reference structure (PDB code: 1SFT). Each cluster is represented by a sphere and the size of the sphere is proportional to the number of AlaR structures in which solvent was observed at the same site. In addition, the color of each sphere re¯ects the conservation ratio in the analyzed crystal structures (e.g. the red spheres indicate that the water Conserved water molecules in alanine racemase molecules are conserved in all analyzed crystal structures and are denominated here as highly conserved water sites). The 47 highly conserved water sites are listed in Table II . The coordinates of each cluster, along with the r.m.s. standard deviation across variables of the cluster, are indicated. Six, out of 47, clusters consist of buried water molecules, one of which is located in the active site of the ®rst monomer and close to the PLP cofactor (cluster 46 in Table II) . Six other clusters out of 47 are surface waters. Furthermore, eight clusters are directly located in the active sites of the AlaR homodimer; one is located in the active site of the second monomer (colored green in Figure 1 ) whereas seven are positioned in the active site of the ®rst monomer (displayed in pink in Figure 1 ). Figure 2 compares the mobility distributions of water sites in the seven crystal structures. As can be seen, the majority of the clusters contain water molecules with mobilities between 0.4 and 1, indicating to some extent an average mobility relative to other waters in the structure. As observed previously by Levitt and Sharon (1988) , clusters containing waters with low mobility tend to be located near charged residues (e.g. Water 714 in cluster 35 has a mobility of~0.4 in 1SFT and it is near Asp68, Glu69 and Asp47¢). On the contrary, clusters containing waters with high mobility tend to be situated near hydrophobic residues (e.g. Water 586 in cluster 28 has a mobility of~1.4 in 1SFT and it is located near Ile310, Gly308 and Met312). The clusters containing waters from at least four crystal structures (conservation >50%) are displayed in Table III. A total of nine clusters show a conservation percentage of 85.7%, which means these water sites are conserved in six out of the seven crystal structures. There are 21 water sites conserved in ®ve structures and a total of 86 conserved in four out of the seven structures. The water molecules in the active site region are dif®cult to compare among the different structures as different ligands displace different water molecules.
Dimer interface
We investigated the relative arrangement of the highly conserved water sites in the AlaR homodimer and observed that 64% of these water sites (30 out of 47) are clustered at the interface between the N-terminal domain (a/b-barrel) of the ®rst monomer and the C-terminal domain (essentially composed of b strands) of the second monomer ( Figure 3 ). As Figure 3 indicates, there are two major accumulations of water sites, one of which is close to the active site of the ®rst monomer (displayed in gray in Figure 3 ) and a second one positioned at the interface between the two monomers, which forms a`canal' to the active site.
The dimer interface is composed mainly of residues located on loops connecting the a-helices with the b-strands of the N-terminal domain of the ®rst monomer, as well as loops connecting the b-strands of the C-terminal domain of the second monomer. Three active site residues participate at the dimer interface, namely Arg136, His166 and Tyr265¢. The residue labeled with a prime indicates that it belongs to the opposite monomer.
The interface is mainly hydrophilic with 80% of the interface residues polar and only 20% hydrophobic. Shaw et al. (1997) have shown that there are very few obvious polar interactions between the two monomers (i.e. few salt bridges and direct hydrogen bonds that bridge the two monomers) and suggested that these types of interactions do not appear to be 
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Conserved water molecules in alanine racemase responsible for maintaining the dimer structure (Shaw et al., 1997) . However, Figure 4 illustrates the remarkable degree to which the dimerization surfaces are electrostatically complementary. We can see that when the homodimer is pulled apart and the electrostatic potential is mapped on to the molecular surface of the dimer interface, for every positively charged area, a matching area of negative electrostatic charge exists in the dimer interface. This type of electrostatic complementarity at the dimer interface is not aleatory but rather consistent with the expected properties of a dimer interface (Miller, 1989; Jones and Thornton, 1995; Miller and Krause, 1996) . Considering 1SFT as the reference structure (Shaw et al., 1997), we observed that the hydrogen bond interactions that occur between the consensus waters and the alanine racemase structure form hydrogen bonds mainly to nitrogen and carbonyl atoms of the protein backbone (Table IV) . Very few of these solvent molecules are bound only to side-chain atoms, the majority making interactions with neighboring solvent molecules. Interestingly, the majority of these water molecules are involved in hydrogen bonding to residues located at the AlaR dimer interface. Moreover, these water molecules, of which four are buried, are involved in hydrogen bonding to other water molecules, creating an extensive hydrogen bond network which links the two monomers (Table IV) . Such watermediated hydrogen bonds have been seen in the interfaces of many other biological systems and their role is to help in stabilizing the dimer interface (Janin and Chothia, 1990; Miller and Krause, 1996) .
As we have mentioned, the active form of alanine racemase is a homodimer, such that the active site is formed by the mouth of the a/b-barrel of one monomer and the C-terminal domain of the other monomer (Shaw et al., 1997) . Furthermore, sitedirected mutagenesis studies have demonstrated that the two active sites of AlaR from Escherichia coli and Pseudomonas aeruginosa, which share more than 85% identity with B.stearothermophilus AlaR, do not interact (i.e. there is no cooperativity between the two active sites) (Strych and Benedik, 2002) . Accordingly, we can speculate that mutations that disrupt the electrostatic complementarity in the interface Fig. 1 . Conserved water sites in B.stearothermophilus alanine racemase homodimer. The ®rst monomer is displayed in pink, the second monomer is displayed in green and the PLP cofactor is rendered in ball-and-stick format. Each conserved water site is represented by a colored sphere. The size of the sphere is proportional to the percentage of conservation (57±100%), that is, the number of structures in which solvent was observed at the same location. The color of the solvent changes from red for the most conserved sites to light blue for the least conserved sites (e.g. red spheres indicate that solvent is observed in all seven structures, which corresponds to a 100% conservation of that water site). 
Consensus hydration sites and interactions at the dimer interface from MD simulation
Our procedure of identifying conserved hydration sites makes use of static pictures provided by structures solved by X-ray crystallographic methods. Although individual structures give the same location for 47 water sites in all seven analyzed structures, their importance can be con®rmed only after verifying that these hydration sites remain invariant in a fully solvated environment of an MD simulation. In order to address this, structures were extracted from a previously described 2 ns MD trajectory (Mustata et al., 2003) .
In order to determine if we had sampled enough of the conformational space, we compared the 2 ns trajectory with a 1 ns trajectory. By comparison, we saw that both MD simulations lead to perfectly comparable results. As a measure of structural stability, the r.m.s.ds of backbone atoms of individual conformations of alanine racemase were computed along the 1 ns and 2 ns trajectories. This r.m.s.d., measured relative to the minimized crystal structure conformation has a value of about 0.8 A Ê at the beginning of the 1 ns trajectory versus 0.75 A Ê for the 2 ns trajectory, indicating that movements away from the crystal structure have occurred during the thermalization and equilibration periods that preceded the production run. Thereafter, only a small overall drift was observed, with¯uctuation of the order of 0.6 A Ê during the 1 ns trajectory and 0.35 A Ê during the 2 ns trajectory, indicating a stable protein structure. The backbone r.m.s.d. of the average protein conformation with respect to the minimized crystal structure computed from the entire 1 ns trajectory is 1.25 A Ê versus 1.20 A Ê from the 2 ns trajectory. The r.m.s.d. of all the atoms (including aliphatic hydrogens) is 1.55 A Ê for the 1 ns trajectory and 1.35 A Ê for the 2 ns trajectory. Overall, if we compare the r.m.s.ds of the atoms computed along the 1 ns trajectory with those of the 2 ns trajectory, we can see that there are no signi®cant changes in terms of structural stability.
The root mean square¯uctuations (r.m.s.fs) per residue are almost identical and essential dynamics analyses have shown that the motions along each of the most signi®cant eigenvectors are also similar. Within the time-scale of the simulations, we also saw that the protein did not undergo signi®cant unfolding processes, as evidenced by stable radius of gyration and by the secondary structure content calculated along the 2 ns and 1 ns trajectories. We believe that if major changes, in terms of protein or homodimer interface stability, had occurred, we would have seen it within the ®rst 1 ns of the simulation.
Within the 2 ns time-scale of the simulation, we have shown that the second active site (D-Ala in the active site) becomes more stabilized in the presence of the substrate versus inhibitor. Our results have shown that¯uctuations in the region of the active sites were of differing magnitude, being larger in the presence of inhibitor, and that¯uctuations in the a/b-barrel are more substantial upon inhibitor binding with the a-helix H8 and the loop between a-helix H8 and b-strand B8 showing extensive¯exibility (Mustata et al., 2003) . In contrast, upon substrate binding very little displacement was exhibited by the N-terminal domain. Signi®cant¯exibility was observed in the C-terminal domain of the second monomer (substrate bound) and very little in the ®rst monomer (inhibitor bound). This exibility was also induced by inhibitor binding since this C-terminal domain faces the mouth of the a/b-barrel of the ®rst monomer (with propionate in the active site) (Mustata et al., 2003) . From Table V we can see that the r.m.s.fs of the C a atoms of the interface residues display similar values, except for the active site residues (i.e. Arg136, His166, Tyr265¢) and the residues located in their proximity.
It is known that both mobility and structural organization of a solvent in the immediate vicinity of biological macromolecules differ from those in bulk solvent. The diffusion coef®- Fig. 3 . Location of the 47 highly conserved water sites (100% conservation) in the AlaR homodimer (the ®rst monomer is colored gray and the second monomer black). Consensus water sites are represented by spheres; buried water sites are colored black. The solvent-accessible surface area of the interface between the two monomers is shown on the right side and displayed in dotted black/gray. The coloring is a function of the residues that are contributing to the interface (gray, monomer 1; black, monomer 2). Residues that are hydrogen bonded to the 47 water sites are also displayed. The PLP cofactor is rendered in ball-and-stick format. et al., 1991) . Color codes for the electrostatic potential are ±5 kT/e (red), 0 kT/e (white) and +5 kT/e (blue). The two monomers were separated for better visualization.
Conserved water molecules in alanine racemase
cient is a measure of solvent mobility (Wong, 1987; Teeter, 1991; Phillips and Pettitt, 1995; Makarov et al., 1998) . The experimental value for the diffusion constant of pure liquid water at 25°C and 1 atm is 2.30Q10 ±5 cm 2 /s 2 . The diffusion constant has been calculated for many models of liquid water and showed that for most of the commonly used models it is too large (Mahoney and Jorgensen, 2001 ). The TIP3P model has been reported to have a diffusion constant of 5.06 T 0.09 (Mahoney and Jorgensen, 2001 ). These calculations were performed at 25°C and a pressure of 1 atm, in the NPT ensemble. Periodic boundary conditions were used with a box of 267 molecules and intermolecular interactions were truncated at 9 A Ê . The recently developed TIP5P model of liquid water (Mahoney and Jorgensen, 2000) shows a signi®cant improvement over most commonly used water models, with a diffusion constant of~2.62Q10 ±5 cm 2 /s 2 compared with the a The numbering of the water molecules corresponds to 1SFT.pdb (Shaw et al., 1997) . Residues labeled with primes are from the other monomer. b Waters displayed in bold are highly conserved (100% conservation). c Interface residues involved in water-mediated hydrogen bonds are marked with a star and displayed in bold. d Buried waters are highlighted in gray. e Highly conserved waters in the active site are shown in bold italic.
experimental value of 2.30Q10 ±5 cm 2 /s 2 . It would be interesting to perform a molecular dynamics simulation using this new model, which is expected to provide a more accurate modeling of the aqueous system. Nevertheless, the TIP3P model has proven to be very effective and it is still widely used in studying both mobility and structural organization of solvent in the immediate vicinity of biological macromolecules. Finally, if anything, we have underestimated residence times of water molecules owing to the somewhat high (twice) diffusion constant of the TIP3P water model. Our analysis on the conserved water molecules located at the dimer interface and in the active site region was performed on snapshots extracted every 20 ps from the 2 ns long trajectory (i.e. 101 snapshots). The choice of the time interval is based on the mobility of the bulk water of the simulation, which will diffuse about 3.0 A Ê in 20 ps of simulation. Only waters that are within 3.5 A Ê from the interface were retained, to ensure that these waters are within hydrogen bonding distance of any dimer interface atom. All of the 101 snapshots extracted from the MD trajectory were superimposed on the 1SFT X-ray structure (Shaw et al., 1997) in order to bring all structures into the same reference frame. The same FASTCLUS procedure (SAS Institute) as described in Materials and methods was used to cluster the water molecules.
From Table VI it can be seen that all salt bridges between the two monomers are well preserved during the simulation with only one exception, that is, the salt bridge between Arg290 (monomer 1) and Glu355 (monomer 2) which is present only in 2% of the 2 ns simulation time. This is mainly caused by the presence of the inhibitor propionate in the active site of the ®rst monomer. The hydrogen bonds between residues from both monomers located at the dimer interface are generally well preserved. However, seven hydrogen-bonding interactions are not retained for the entire length of the simulation. The residues involved in these interactions belong to the propionate-bound active site and this clearly demonstrates that upon inhibitor binding the interface between the two monomers is disrupted.
From Table VI it can be seen that the water-mediated hydrogen bonds are moderately preserved. The residues that are being bridged by water molecules in the crystal structures are not always identical in the MD simulation (data not shown). This is mainly due to the dynamic behavior of the protein. The average r.m.s.f. of the C a atoms of the interface residues is 0.63 A Ê and some of these residues display larger¯uctuations in one monomer as compared with the second one (Table VI) . Not surprisingly, the buried water-mediated hydrogen-bonding interactions are well preserved for the entire length of the simulation (Table VI) .
The structurally determined crystal waters that are not in the immediate proximity of the propionate-bound active site show a relatively high mobility (~55% mobility) during the MD simulation and exchange with bulk solvent (Table VI) . This is not surprising, since water molecules which are mobile in the MD simulation could sample other local interactions. In contrast, waters that are located in the center of the dimer interface and closer to the substrate-bound active site are much less mobile, as indicated by the hydrogen bond presence (70± 80% and even 100%) for the entire length of the trajectory. This was also observed for conserved water molecules that are close to the substrate-bound active site but not located at the dimer interface (10±20% mobility) (data not shown), which is a result of the fact that the active site becomes more stabilized in the presence of the substrate, D-Ala, versus the non-covalent inhibitor propionate. 
Experimental studies have been devoted to the elucidation of the catalytic mechanism of AlaR and revealed that the enzyme employs a two-base mechanism in which Lys39 and Tyr265¢ are the acid±base catalysts. Watanabe et al. (2002) proposed proton transfer between Tyr265¢ and Lys39 as a principal component of a mechanism in which a protonated a-carboxyl is employed. Recently, Spies and Toney (2003) have suggested that this mechanism is improbable, since the substrate carboxylate is stabilized by hydrogen bonds from the sidechain guanidine group of Arg136 and from the main-chain amide of Met312¢ (Morollo et al., 1999) . Based on their multiple kinetic isotope effect methodology applied to alanine racemase, they propose that the dynamic water molecules and hydrogen-bonding interactions in the active site are responsible for the rapid equilibration of active site protons with the solvent, based on their pK a values (Spies and Toney, 2003) .
As we have shown, eight water sites located in the active site regions of the AlaR homodimer were found to be conserved in all seven X-ray structures (see Figure 5 and Table II ; the active site waters are displayed in italic bold in Table II ). These hydration sites were monitored for the entire length of the simulation to determine if they are continually present in the a Presence of the hydrogen bond during the 2 ns MD simulation (%). b The numbering of the water molecules corresponds to that in 1SFT.pdb (Shaw et al., 1997) . c Buried waters are highlighted in gray.
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active site region. The buried water molecule of the propionatebound active site (cluster 46 in Table II ) showed a very low mobility. This was also the case for the water site that belongs to the substrate-bound active site (cluster 13 in Table II ). All of the six other water sites located in the propionate-bound active site were occupied by solvent for the entire length of the 2 ns trajectory, with the crystallographic waters occasionally replaced by bulk solvent. Interestingly, two water molecules of the propionate-bound active site were replaced, after 700 ps of the simulation, by waters that were initially located at the dimer interface. We should point out that the diffusion of waters positioned at the dimer interface is not limited to only these two water molecules but, since these water molecules were the only ones found to be highly conserved in all seven Xray structures, we refer exclusively to these two. In this way our analysis is not biased by the presence of an inhibitor/substrate in the active site. Our analysis shows clearly that the hydration sites located in the active site region remain invariant and that water molecules situated at the dimer interface may diffuse toward the active site. This diffusion is driven by¯uctuations of the interface residues. In the light of the hypothesis of Spies and Toney (2003) , that besides hydrogen bonding interactions, water located in the active site region could be responsible for the rapid equilibration of active site protons with the solvent, we suggest that the role of the water`canal' might be to supply the active site with water in order to accomplish this role.
Conclusion
The present study involved an analysis of conserved water sites in seven crystal structures of alanine racemase from B.stearothermophilus in the resolution range 1.6±2.2 A Ê . A total of 163 clusters have been identi®ed, of which 47 exhibit conserved water positions in all seven available crystal structures. Two major accumulations of water sites were identi®ed, one of which is located in the active site region of the ®rst monomer and a second one positioned at the interface between the two monomers, which forms a`canal' to the active site of one of the two monomers.
The MD analysis revealed that the hydrogen bond interactions at the dimer interface are disrupted by the presence of the inhibitor propionate. Considering the fact that a weak inhibitor such as propionate (K i = 20 T 3 mM) (Morollo et al., 1999) has an in¯uence on disturbing the hydrogen bond network that exists at the AlaR dimer interface, one would obviously expect that a stronger inhibitor (e.g. the DCS derivative) (Stamper and Ringe, 2003a ) may have a more dramatic effect. Further MD studies with the DCS derivative should help to con®rm these hypotheses.
We suggest that one of the possible structural roles that the water sites identi®ed at the interface between the two monomers might have is to maintain and stabilize the alanine racemase dimer. These water molecules can stabilize the interface between the two monomers through hydrogen bonding but, owing to the mobility of these water molecules, this stabilization is not immobile but rather driven bȳ uctuations of the interface residues. A second role that could be attributed to the interface water sites might be to supply the active site continuously with water molecules in order to allow the rapid equilibration of active site protons with the solvent. These are plausible hypotheses that could be further investigated by experimental methods. One of these methods could be used to explore the role of the water molecules by site-directed mutagenesis and the osmotic stress technique. The purpose of site-directed mutagenesis will be to disrupt the water-mediated hydrogen bond network that links the two alanine racemase monomers. Small-angle neutron scattering coupled with the osmotic stress technique could be used to probe the connection between structural change and thermodynamics of the enzyme under osmotic stress (Parsegian et al., 2000) . It is well known that the action of many proteins couples the binding of ligand to conformational changes in the protein that change the number of water molecules sequestered in pockets, cavities or channels. The neutron scattering measurements will provide information about structural changes that can be thereafter used to extract energy changes through osmotic stress thermodynamics.
